Abstract: A study of the respiratory health of grain farmers in Alberta, Canada was carried out in March 2002. Two populations were identified: members, in 1983, of a province-wide farm organisation, and grain farmers registered with the provincial agriculture department. A telephone interview addressed pesticide use (using pre-circulated trade names), chronic disease and respiratory symptoms. Pesticide ingredients were identified from provincial crop protection guides. Total years of use were calculated for seven chemical groups. Consent for linkage to administrative health records was obtained in 2009. A likelihood score (Lscore) is computed, relating symptoms to asthma diagnosis. Self-reported asthma and the Lscore are examined against duration of pesticide exposures. Of the 10,767 farmers listed, 2426 were still living, had farmed grain and were interviewed; 1371 were re-contacted and matched to health records. After allowance for confounders, years of exposure to phenoxy compounds are related to self-reported asthma and Lscore. Compared to no exposure, the adjusted odds ratios (95% Confidence Intervals for self-reported asthma for short, medium and long exposure to phenoxy compounds are 1
Introduction
Grain farmers in Alberta, as elsewhere in the world, make substantial use of pesticides including herbicides and seed treatments. In Alberta, in 2005, herbicides were applied to 6.4 million hectares of farmland, fungicides to 653,146 hectares and insecticides to 493,226 hectares [1] . Details of pesticide use in Alberta, and on the commodities to which these are applied are published annually [2] . The lungs of farmers using pesticides may be exposed through inhalation during mixing or spraying of the pesticide, or through pesticide-contaminated soil-dust. The present study was set up to investigate the health of farmers, who would have been exposed over many years, and where effects, if any, reflected cumulative damage rather than an acute manifestation of recent exposure. An initial interest of the group was in the effects of organophosphates and other pesticides on mental ill-health in these farmers [3] . This required detailed information on lifetime use of all major pesticides. Such a lifetime exposure assessment is challenging and few studies have attempted it [4, 5] . Studies of pesticide exposure in several countries, covering a variety of climates, types of farming and pesticide composition suggest relationships between pesticide exposure and wheeze, asthma or other obstructive lung disease: these include Kenya [6] , Australia [7] , Costa Rica [8] , The Netherlands [9] , Iowa and North Carolina in the United States [10] , and in Canada the Province of Saskatchewan [11] . An earlier study in Alberta of predominantly grain farmers found an increase in obstructive lung disease and poorer lung function with self-reports of dust exposure, but did not consider the role of pesticides [12] . A systematic review in 2014 concluded that, while there was sufficient evidence to suggest that exposure to pesticides may be associated with a greater prevalence of asthma and wheeze, the evidence was insufficient to identify specific causal pesticide groups [13] . As such, it seemed important to use the lifetime exposure assessment of major classes of pesticides carried out for the study of mental health [3] to characterise more fully any relation of pesticide exposure to asthma in the Alberta farming community.
Methods and Materials
Two cohorts of farmers believed to have grown grain commercially were identified. Cohort A was of farmers (mainly but not necessarily grain farmers) who had been registered with a provincial farming organization in 1983. Those in Cohort B were grain farmers who, in 2002, were on a list of those who had signalled to the provincial department of agriculture that they might be approached for research studies. A letter was sent to the address of each farmer, as given in the 1983 or research panel lists, asking him (or her) to return a consent form if willing to take part in the study. One reminder was sent. For cohort A, the consent form included a question to confirm whether he or she had ever been a grain farmer. Farmers in both cohorts were asked to supply telephone numbers and to indicate the best time for a telephone interview. Where a farmer appeared in both cohorts, they were approached only once and included with cohort A for the statistical analysis.
Measurement of Health Outcome

Self-Report
During the telephone interview, the farmer completed a checklist of 30 chronic conditions including tuberculosis, other lung disease and allergy, asking for each whether "a doctor had ever told you that you had any of the following medical problems". If the subject said "yes" to any condition, they were asked the year in which they were first diagnosed with the condition. Any comments volunteered were noted (for example, the agent to which they thought they were allergic). The interviewer then asked questions selected from the American Thoracic Society (ATS) respiratory questionnaire [13] relating to wheezing or asthma. These were: Does your chest ever sound wheezy or whistling (a) when you have a cold (b) occasionally apart from colds (c) most days or nights?
If "yes" to any, for how many years this has been present? Have you ever had an attack of wheezing that has made you feel short of breath? Has a doctor ever told you that you have asthma? If "yes", how old were you when this was first diagnosed? These are D2-D4 in the study questionnaire attached as Supplementary Materials. A positive answer to the question "has a doctor ever told you that you have asthma" is referred below as "self-reported asthma".
Medical Records
In 2009, the farmers taking part in the initial study were re-contacted to ask their consent for their questionnaire data to be linked to information extracted from the Alberta administrative health database. In Alberta, all physician consultations are paid through the provincial heath service, with the physician recording diagnoses when submitting billings to Albert Health. Diagnoses of asthma (ICD-9 code 493) were extracted to the date of questionnaire completion in March 2002 for all in-patient (from May 1994), out-patient (from September 1998) or physician billing (from May 1994).
Measurement of Confounders
The interviewer collected information on demographic factors including age and sex, total years in farming, current activity (hours working as a grain farmer) and exposure to pesticides in the previous month. Smoking history was collected by postal questionnaire in a second contact in May 2004. Where a response was received from relatives of a farmer who had died since the March 2002 questionnaire and the response included smoking information for the participant, this proxy information was used.
Assessment of Exposure
When the initial consent form was received in March 2002, a further letter was sent enclosing three lists giving the trade names of insecticides (26 names), herbicides (48 names), and seed treatments (25 names) as shown as questions C7, C14 and C21 in the questionnaire included as Supplementary Material. The farmer was asked to review these before the interview to identify products they had ever used and the years in which they had done so. Active ingredients for each named pesticide (either in the pre-circulated lists or volunteered at the interview) were identified from the crop protection guides published annually by Alberta Agriculture for the period 1981-2003 [14] . Pesticides used prior to this or not listed were classified in discussion with Alberta Agriculture. This information was collected in a database created for the project, which reflected changes in product formulation during the period studied as reflected in the annual crop protection guides. Seven classes of active ingredients in pesticides were identified for the present analysis: phenoxy acids, organochlorines, organophosphates, pyrethroids, carbamates, thiocarbamates and dithiocarbamates. The use of each class of pesticide was recorded for each year from the respondent's first year in farming (since age 18 years) to the date of the interview in March 2002. Custom application by someone other than the subject was excluded. A conservative approach to estimating exposure was adopted. Years using a type of pesticide were included only where the active ingredients could be definitively assigned from the trade name and dates reported. Where it could not, the years using the pesticide were ignored and coded as "not used". Where there was doubt about the length of use of a particular pesticide type, the minimum estimate was used. The total years in which there was any use of the pesticide type ("total years of use") for each class of pesticide was divided into tertiles for those reporting any exposure and referred to descriptively as "no", "short", "medium" and "long" duration.
Ethical Approval
The study was considered and approved by the Ethics Board of the University of Alberta (Pro00004746).
Statistical Methods
Self-reported physician-diagnosed asthma was examined against tertiles of exposure years within each chemical class of pesticide individually, computing univariate χ 2 tests for trend. Diagnoses of asthma found in the Alberta Health administrative database for those contacted in 2009 was used to supplement self-reports of asthma. An outcome score was computed, labelled here as the Lscore, that reflected the likelihood of a recorded diagnosis of asthma. To compute the Lscore we used logistic regression in Stata with a diagnosis of asthma in the Alberta Health administrative database as the dependent variable. Robust standard errors were used to allow for violation of model assumptions in logistic regression. The model initially included all questions (given above) relating to wheeze and asthma but retained only those that, on a Wald test, improved the prediction. The possible influence of age, sex, smoking and cohort of origin on diagnostic reporting was examined by adding each in turn to the model. As many farmers who had completed the March 2002 questionnaire had died or moved away from the farm and could not be contacted in 2009 to give consent to data linkage, Lscores were assigned for these farmers also using the same predictive model. Likelihood was calculated using the coefficients from the logistic regression, weighted by the presence (1) or absence (0) of each symptom. The inverse logit of the prediction score gave the probability (Lscore). The Lscore was then used as the dependent variable in a series of multivariable analyses. As the Lscore was a fractional response (the probability of an asthma diagnosis in health records), GLM with a logit link and with robust standard errors was used. The same model was used for the binary outcome of self-reported asthma [15] .
The analyses included exposure estimates for all seven exposure groups (as categorical scores based on tertiles of increasing duration of use) and, as potential confounders, age, sex and: (i) work status (not working as a farmer, working as a farmer but not with grain, grain farming <20 h/week, grain farming 20 h/week or more); (ii) exposure to pesticides in the last month; (iii) smoking (current, ex-smoker, never smoker, unknown); and (iv) a factor reflecting whether they had been matched to Alberta health records. Further analyses considered the effect of adding to the models total years farming (since grain dust itself may be related to asthma), self-reported allergy, a self-reported history of "pesticide poisoning" and the cohort of origin. The final model including all exposures, confounders and these additional factors, was re-run excluding those with asthma diagnosed at less than 18 years of age. Stratification was used to further explore the role of allergy and the effect of recruitment through two cohorts with different characteristics.
Results
In Cohort A, 5986 names were listed as members of the farm association in 1983. In March 2002, contact was made with 2493 of these farmers (41.7%), 1348 of whom (54.1%) confirmed that they had farmed grain commercially and agreed to answer the questionnaire. In Cohort B, there were 4571 names provided; of these, 2503 responded to the contact (54.8%) and 1078 (43.1%) had farmed grain and were willing to be interviewed.
Use of pesticides (herbicides, insecticides, or seed treatments) was almost universal in both cohorts: all but nine in cohort A (<1.0%) and 61 in cohort B (6%) reported that they had used pesticides at some point. Only three of those who used pesticides failed to identify any of them.
Smoking status was obtained for 2241 (92.4%), including 70 proxy responses, in May 2004. In 2009, 1371 farmers (732 from cohort A and 639 from cohort B) were contacted, gave consent to data linkage and were successfully matched to the Alberta administrative health record. Demographic, self-reported asthma and related data for the two cohorts and those matched or not to the health record are shown in Table 1 . The two cohorts differed on every factor considered other than reports of pesticide poisoning and asthma. Those in Cohort B were younger, included more women and were more likely to be working and to report allergies. Those in Cohort B were more likely to report recent exposures. There were also important differences between those matched or not to their health record. Those not matched were older, less likely to be working and less likely to have been exposed to pesticides in the month before the questionnaire. A greater proportion had no smoking data (as they had died or been lost to trace before this was collected) and more reported that they had asthma.
The estimated duration of use of pesticides in the seven chemical groups is shown by self-reported asthma in Table 2 . Phenoxy compounds were the only chemical group related with a linear trend to self-reported asthma in this univariate analysis. No difference was found in the duration of use of phenoxy compounds in those matched to health records (mean 25.9 years SD 14.7) and those unmatched (mean 25.3 years SD 16.1).
When the questions relating to asthma were used to predict a diagnosis of asthma in the physician billing administrative records (health records) for the 1371 successfully matched, only four of the questions (wheezing with cold, wheezing without cold, made short of breath by wheezing and "a doctor had said asthma") contributed to the model (Table 3) . Age, sex, smoking, cohort and self-reported allergy were added sequentially to this model and none added significantly (data not shown). The Lscores for all subjects, regardless of whether they had been included in the analysis in Table 3 , are shown, by self-report combinations, in Table 4 . Those not matched had a higher mean Lscore (0.10, SD = 0.14) than those matched (0.08, SD = 0.13) p < 0.001, reflecting the higher proportion with self-reported asthma. A multivariable model allowing for potential confounders and all pesticide groups is given in Table 5 for the two outcomes, self-reported asthma and Lscore. The increase in odds ratio (OR) with higher tertile category for phenoxy herbicides is seen for both outcomes, although with smaller estimates and narrower confidence intervals with the Lscore. Smoking and currently working in farming other than grain farming was associated with a higher Lscore, but no other pesticide group showed increased risk. Those linked to the health records were, as expected from the univariate analyses, less likely to report asthma and had a lower Lscore. Total years farming, concurrent reports of allergy and self-reports of pesticide poisoning were entered sequentially into the model. The addition of total years of farming did little to change the estimated ORs for phenoxy compounds (Table 6) . Similarly, although self-reported allergy was strongly related to both self-reported asthma and the Lscore, its inclusion had little effect on the phenoxy estimates. The inclusion of the cohort of origin as a factor was not significant overall for either outcome measure (OR = 0.85, 95% Confidence Interval (CI) 0.60-1.20 for asthma; OR = 0.91, 95% CI = 0.78-1.06 for Lscore). A self-report of pesticide poisoning earlier in life was unrelated to self-reported asthma (OR = 1.26, 95% CI 0.92-1.73) after adjustment for other factors but was associated with higher risk using the Lscore (OR = 1.34, 95% CI 1.17-1.53).
Overall, 24% of the farmers reported that a doctor had told them that they had allergies. When the model was run separately for those with and without allergy, the ORs for phenoxy compounds with self-reported asthma were higher in those not reporting allergy. With the Lscore the ORs were somewhat higher in those reporting an allergy, although with the reduced sample size the ORs in this group did not exclude 1.0. Stratification by cohort suggested stronger effects in the older cohort.
Of the 202 farmers self-reporting asthma, 46 said this was first diagnosed under the age of 18 years. Table 6 shows the ORs for phenoxy compounds for the full sample, adjusting for all other factors and then for the same model with those farmers with early diagnosed asthmas excluded. The ORs for phenoxy compounds were reduced but a clear increase in risk of both outcomes was still apparent. Table 5 . ** All factors in Table 5 plus total years farming, report of allergy, cohort and report of pesticide poisoning.
Discussion
This study examined the effects of long term exposure to pesticides used in grain farming on the respiratory health of farmers in Alberta, a province with a climate that ensures that insecticides (such as organophosphates) are not routinely in high use but with a sustained use of herbicides We aimed to characterize the types of pesticides, if any, related to asthma in our cohorts exposed over many years and to test an observation from the neighbouring grain producing province of Saskatchewan that self-reported asthma was related to carbamate insecticide exposure [11] . We did not find evidence of that in this study, but we did find effects on asthma reporting of exposure to phenoxy compounds, a herbicide active ingredient widely used for many years but studied mainly for carcinogenic effects. Review of the literature on non-malignant morbidity from long term exposures to specific chemical groups of pesticides found few studies of any size other than the US Agricultural Health Study (AHS), which has published results largely by trade name. In the recent publication [10] on wheeze, results were presented by chemical group allowing more direct comparison with the results of the present study. The AHS reported an increase in wheeze [10] and self-reported asthma [16] with higher exposure to specific herbicides and insecticides, including 2,4-D, a common phenoxy herbicide widely used by Alberta grain farmers. In the AHS study, wheeze in the last year with 2,4-D appeared to be limited to those who told the study team they had a history of physician diagnosed hay fever [10] , while the relation between life time exposure to 2,4-D and self-reported asthma was only found for those reporting physician diagnosed hay fever or eczema [16] . In the study reported here, stratifying by report of physician diagnosed allergy did not suggest that the increased risk of asthma with phenoxy compounds was limited to those with a history of allergy, and so did not fully replicate the AHS finding. However, given the likelihood of an irritant mechanism [17] , in addition to any allergic (IgE mediated) mechanism as proposed by the AHS group, it is perhaps sufficient to conclude, considering results both from the AHS and the present study, that phenoxy compounds are capable of producing wheeze and, with prolonged use, asthma. This study's strength is that it provides information on the effects of long term exposure to different classes of pesticide in cohorts of farmers exposed over many years. Recall (or recognition) of pesticide trade names was good (in that most farmers could name the pesticides used) and enabled identification of the active ingredient in the substantial majority of reported exposures. Allocation of reported pesticides to exposure groups was carried out by computer linkage to a pesticide database devised for this project. It was wholly independent of the health status of the participant. We were conservative in only allocating to exposure groups years in which we were confident that a product was used, which implies that misclassification of exposure would largely be underestimation. Use of duration alone was inevitably correlated with age and number of years as a grain farmer. However, total years in farming did not change the relation of asthma to phenoxy herbicides, making confounding by exposure to general farm dust [12] or grain handling [18] less likely as an explanation for the results from this study. Only 18 of the farmers reporting allergy volunteered grain dust as a cause: four of these also reported asthma, three of whom mentioned other allergens (grass, pollen, mold, dust, animal dander) as well as grain dust. It remains possible that duration of phenoxy compound use is in itself confounded by some unknown and unmeasured exposure or is acting as a proxy for some other pesticide not estimated here or estimated with much greater error.
The study also has weaknesses. The tracing and response rate was low: many had died or moved, and for cohort A the ethics board put restrictions on active tracing. The cohort (B) of "active" grain farmers comprised those who had indicated, when applying for tax credits, that they were willing to be approached for investigations: they may have been quite unrepresentative of all grain farmers. Of necessity, the study is confined to survivors.
An exposure metric reflecting only years with use is clearly not optimal. Ideally, we would have information on practices likely to result in high intensity of exposure and on the use of protective equipment as well as the total hours of use in each year. However, because of the many years of exposure and the age of the respondents it would have been unrealistic to attempt to get from them details for each year on intensity related practices and personal protection as used in the original AHS exposure estimates, or to collect meaningful biological samples to validate this [19, 20] . We were concerned that any misclassification resulting from poor recall or incomplete information should be non-differential. In particular we wanted to avoid the possibility that those who believed that their respiratory ill-health was caused by exposure to pesticides would over-report. Simply classifying by any use is likely to have minimized such an effect, and the specificity of the phenoxy compounds, rather than any other (or all) pesticide types, suggests that there was no such general over-reporting in those who were unwell.
In carrying out the analysis reported here, we were particularly concerned about misclassification in the outcome variable, the diagnosis of asthma. Since the study is set in Alberta, with access to administrative health records, we hoped to go beyond the practice in other large community-based studies of farmers of relying on self-report: few studies have been able to access lung function testing and these have not generally been used to assess the effect of specific pesticides. Because of the relatively incomplete (61% matched) and unrepresentative matching to health records (with those matched being younger, less likely to smoke or to self-report asthma) use of administrative heath records alone proved not useful and we elected instead to use both self-report of asthma and the likelihood score derived from the wider set of health questions and the health records of asthma. Such health records, while independent of any biased response tendency in the study participant, are a very imperfect reflection of asthma as rigorously diagnosed. Asthma is recognised to be complex to diagnose in the elderly, and as a result underdiagnosed and treated [21] . Moreover, diagnoses reported for billing purposes may be made more hastily than for treatment or research, and represent only an afterthought to the main reason for the consultation. While use of the physician diagnosis of asthma in the health records allowed us to produce a score that compliments self-report, use of the resulting scores will tend to bias estimates of effect towards the null, with overly narrow confidence intervals [22, 23] . However, use of the two approaches to asthma assessment gives some confidence that over-reporting of asthma or exposures by those who believe the two to be linked, may not in itself fully account for the relationship to phenoxy compounds reported here.
This study underlines the need to follow a cohort over many years to assess the chronic effects of lifetime exposure; the farmers in these analyses had been working for, on average, close to 40 years and many for considerably longer. The study may be unique in considering respiratory ill-health in farmers so late in life.
Conclusions
This study has considered the effect of major classes of pesticides, encountered over many years, on the respiratory health of grain farmers working in a northerly province of Canada and concluded that there is evidence for an increased risk of asthma with repeated exposure to phenoxy compounds. For some other classes of pesticide, such as pyrethroids, use was too infrequent for any strong conclusion to be reached, and it may be that in other types of farming, or in other climates, the pattern of risks would differ. For the protection of farmers using phenoxy compounds, it is important to understand the mechanism of any increased risk of asthma. Lung irritation is recognized to be an acute effect of inhalation of this class of herbicides, but it is uncertain whether the effects seen here after many years of use can best be considered a form of reactive airways dysfunction syndrome (RADS) or whether, as previously suggested [10, 16] , there is an allergic component. Either way, control of exposure is paramount. The findings of the study strongly support user-education programs to improve safe-handling of these widely used compounds.
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